Environmental context. Contaminants occur in the soil and water associated with military ranges. This review article describes how the extent of contamination depends not only on the type of military range and its period of activity, but also on the chemistry of both the soil and the contaminant. A full understanding of the soil chemistry is necessary to develop effective remediation methods for the restoration of these impacted environments.
Introduction
A large amount of ammunition is deposited annually on the soil of shooting ranges all over the world (Fayiga and Saha 2017) . It has been estimated that shooting ranges are now the second most important source of lead (Pb) pollution in the environment (Chrysochoou et al. 2007) . Over 400 tons of Pb are introduced into Swiss soils annually at some 2000 military shooting ranges in the highly militarised nation (Robinson et al. 2008) . Military ranges are essential for training the Army while sport shooting ranges provide a safe place for recreational shooting sports. There are numerous papers on sports shooting ranges but very few providing information on the environmental impact and remediation of military ranges.
Military small arms firing ranges (SAFRs) are similar to sport shooting ranges because they have approximately the same chemical composition of toxic elements in the weapons used. The chemical composition of projectiles used for training at SAFRs are majorly Pb (.90 %), lead-antimony (Pb-Sb) alloys (,5 %) and copper-zinc (Cu-Zn) alloys (,5 %), which is similar to the bullets used for training at shooting ranges; ,94 % Pb, 1.9 % Sb, 4.5 % Cu, 0.5 % Zn and traces of silver (Ag) (LaporteSaumure et al. 2011; Lafond et al. 2013; Islam et al. 2016 ). However, the projectiles used in military training are bigger in size than in sport ranges. The bullets used in military ranges are 5.56 mm in diameter while the Pb shot typically used at sporting ranges is less than 2.4 mm in diameter (Clausen and Korte 2009) . Most of the Pb on military ranges is found as particles .2 mm in diameter because the 5.56 mm round for the M-16 rifles used by the military is designed not to fragment upon impact .
Dr Abioye Fayiga holds a PhD degree in environmental soil chemistry from the University of Florida, USA, and has extensive teaching and research experience in general chemistry and environmental soil chemistry. After her graduation, she conducted research in the environmental chemistry of shooting ranges as a post-doctoral research scientist at the University of Florida. Her research interests are focused on the remediation of inorganic and organic contaminants in contaminated soils and groundwater and the chemistry of explosives and energetic substances.
Military training also involves the use of energetic materials, such as pyrotechnics, explosives and propellants, in military ranges. There are three classes of military explosives; inorganic compounds such as lead azide and ammonium nitrate; organic compounds including nitrate esters such as nitroglycerine and nitrocellulose, nitrocompounds such as 2,4,6-trinitrotoluene (TNT), nitramines such as hexahydro-1,3,5-trinitro-1,3,5-triazine (Royal Demolition Explosive, RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (High Melting Explosive, HMX), nitroso compounds and metallic derivatives; and binary explosives (mixtures of oxidisable materials). Propellants are explosives that can be used to provide controlled propulsion for projectiles such as bullets, mortar rounds, artillery rounds, rockets and missiles (USEPA 2002) .
The use of bullets and energetic materials in military ranges leads to release of toxic chemicals and their transformation products into the environment. The extent of the interaction of toxic contaminants with different spheres (soil, water, air) of the environment determines their fate and environmental impact. Several studies have reported the detection of these energetic materials and toxic metals in the surface soil and groundwater beneath military ranges in the United States and other parts of the world (Jenkins et al. 2001; Kalderis et al. 2011; Pichtel 2012; Gent et al. 2013) .
The United States General Accounting Office (US GAO 2003) has reported that over 15 million acres in the United States are suspected of being, or known to be, contaminated with military munitions including sites/ranges on closing military installations, closed ranges on active installations, and formerly used defence sites. Remediation of these contaminated ranges is important to reduce public exposure to these toxic contaminants and preserve ecological health. Lead, the primary contaminant in shooting ranges, is a neurotoxin that affects the cognitive development of children and reproductive health of adults. Explosives, such as TNT, RDX and HMX, can cause severe human health problems. TNT is a possible human carcinogen that targets the liver and causes skin irritations and cataracts; RDX is also a possible human carcinogen that causes prostate problems, nervous system problems, nausea and vomiting; animal studies suggest HMX toxicity may potentially damage the liver and central nervous system (USEPA 2002) . Remediation of contaminated military ranges will protect public health and preserve natural ecosystems. Hence, the objectives of this paper are to (1) review the environmental impact of military ranges, (2) identify chemical contaminants detected in the vicinity of military ranges and (3) review remediation technologies applicable to these sites.
Chemical contamination in military ranges
The type of contaminants in military ranges depends on the range type and weapons being operated. Different types of military ranges include SAFRs, antitank ranges, artillery ranges, demolition ranges and hand grenade ranges (Pichtel 2012) . The projectiles used in SAFRs are composed of toxic metals, such as Pb, Cu, Zn and Ag, and metalloids, such as As and Sb (LaporteSaumure et al. 2011; Laporte-Saumure et al. 2011; Lafond et al. 2013; Ash et al. 2013; Rodríguez-Seijo et al. 2016) . High concentrations of Pb, Sb, Cu and Zn have been reported in military ranges in South Korea, Canada, Spain, the Czech Republic and the USA (Table 1) (MIDAS 2007; Clausen and Korte 2009; Gent et al. 2013; Rajapaksha et al. 2015; Lafond et al. 2014; Rodríguez-Seijo et al. 2016; Sladkova et al. 2015) .
Another class of contaminants at military ranges are energetic materials such as explosives, propellants and pyrotechnics (Kalderis et al. 2011; Chatterjee et al. 2017) . Some of the most commonly used explosives (Fig. 1 ) are nitroaromatics such as TNT, RDX, HMX, nitroglycerin, 1,3,5-trinitrobenzene (TNB), dinitrobenzene (DNB), N-methyl-N,2,4,6-tetranitroaniline (tetryl) and 2,4,6-trinitrophenol (picric acid) (Certini et al. 2013) . TNT is the most widely used secondary explosive for military training and post war activities have contributed to its high concentrations in the environment (Jenkins et al. 2001; Clausen et al. 2004; Pennington et al. 2006; Pennington et al. 2008; Stenuit and Agathos 2010; Harrison and Vane 2010) .
RDX is more mobile in the soil and less likely to bind to soil particles relative to TNT because of its lower octanol-water partition coefficient (K ow ) value of 0.87, which is lower than the value of 1.6 for TNT (Pennington et al. 2006; Hewitt et al. 2003; Singh and Mishra 2014) . It has been estimated that soil concentrations for RDX range from 0.7 to 74000 mg kg À1 and 08 TNT from 0 to 87000 mg kg À1 (Best et al. 2008 (Best et al. , 2009 Via and Zinnert 2016) .
Perchlorate is a persistent contaminant of concern commonly used as an oxidizer in solid propellants in the form of ammonium perchlorate for rockets, missiles, explosives and pyrotechnics (Susarla et al. 1999; USEPA 2014; USEPA 2017; US GAO 2010; ITRC 2005) . Perchlorate, PAHs (polyaromatic hydrocarbons), dioxins and phthalates contamination have been reported at levels well over the state regulation (Fig. 2) (Clausen 2001; ITRC 2005; Walsh et al. 2013) .
White phosphorus, a manufactured form of elemental phosphorus, is used as an incendiary and obscurant in military munitions because it produces smoke on burning (Walsh et al. 2014a) . When 22 US army facilities were tested, 45 % had soil samples that tested positive for white phosphorus (Walsh et al. 2014a ). White phosphorus is also a highly toxic chemical that is persistent and responsible for domestic stock and wildlife deaths on military ranges such as has been reported in Alaska (Livingstone 1991; Voie et al. 2010; Walsh et al. 2014a; .
Remediation technologies for military ranges
A variety of methods have been used for remediation of military ranges. These techniques are dependent on the type of contaminant and type of range, which includes the soil and water chemistry of the site. These methods can either be carried out ex situ after soil excavation or in situ without soil excavation. Leaching or soil washing is an example of an ex situ method of cleaning up the soil, while in situ methods, such as immobilisation, are also commonly used for remediation of metal contaminated ranges. Remediation methods can also be classified as physical, chemical or biological processes. Physical methods include particle size separation, gravity separation, magnetic separation and flotation; chemical methods include leaching, stabilisation or immobilisation and photolysis; while biological methods include phytoremediation and bioremediation.
Remediation technologies for metal contamination
Leaching or soil washing
The leaching or soil washing method removes metals by solubilising them from contaminated soils using chemical reagents such as organic acids, inorganic acids, chelating agents, A. O. Fayiga biosurfactants and oxidising agents (Lafond et al. 2014) . A study has shown that sulfuric acid leaching coupled with the addition of sodium chloride was best for the solubilisation of Cu, Pb, Sb and Zn from the finest fractions (,125 mm) of SAFR soil (Lafond et al. 2013 ). In the study, five successive leaching steps and two washing steps of the soil samples from a bullet backstop berm in a SAFR of a Canadian military base removed 96, 99, 84 and 86 % of Cu, Pb, Sb and Zn respectively. In a similar study, different leaching reagents were tested for the chemical leaching of Pb, Sb, Cu and Zn from two Canadian SAFRs (Guemiza et al. 2014) . Results showed that the use of 0.125 M sulfuric acid (H 2 SO 4 ) and 4 M sodium chloride (NaCl) effectively solubilised metallic contaminants from highly polluted soils and was also cost effective. After chemical treatment, 93 % Cu, 97 % Pb, 89 % Sb and 70 % Zn in soil from Batoche, and 85 % Cu, 96 % Pb, 59 % Sb, and 49 % Zn in soil from 
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Normandy were removed, which included three successive acid leaching steps (0.125 M H 2 SO 4 þ 4 M NaCl) followed by one rinsing step using water. The counter-current leaching method is a way leachate solutions can be reused in a flow opposite to the flow of solid (Lafond et al. 2014 ). This process achieved average removal yields of 93 % Cu, 92 % Pb, 82 % Sb and 30 % Zn from a moderately contaminated shooting range soil (245 ). However, the efficiency of the process progressively decreased with the number of cycles (total of seven cycles) in this study (Lafond et al. 2014) .
Soil samples from two military sites in Korea contaminated with heavy metals, such as Pb, copper (Cu) and zinc (Zn), were leached with citric acid solution. Leaching efficiencies of approximately 86.5, 88.9 and 83.3 % were obtained for Cu, Zn and Pb, respectively which also increased with increasing citric acid concentration (Park et al. 2013) . A sequential extraction test revealed that the heavy metal contaminants were predominantly associated with the carbonate and Fe-Mn fractions compared with the organic matter and residue fractions of the soil. An understanding of metal partitioning in soils may be used to maximise the removal efficiencies of the metals from the soil. Most firing ranges have lead primarily associated with the carbonate fraction, which can be solubilised by the addition of acidic reagents such as citric acid (Fayiga et al. 2011) .
The limitation of this method is that it has to be done ex situ, which means contaminated soil has to be excavated on-site before it can be leached. The leached metals should also be recovered from the leaching solution before disposal. The use of sodium as a leaching agent may not be best for the fertility of the soil if the soil will be revegetated in the future. The leaching may also remove other basic cations in the soil which could lead to low soil fertility for future plant growth.
Immobilisation
Immobilisation or stabilisation is the process of limiting contaminant migration by controlling and reducing the solubility or bioavailability of toxic substances rather than complete removal. This method is less intrusive and has been recommended by USEPA for management of active ranges and as a viable remedial option for closed ranges (USEPA 2001). In situ immobilisation or chemical stabilisation manipulates the soil chemistry through chemical reactions, such as adsorption, ion exchange, precipitation and complexation, to reduce metal mobility and metal availability to receptor organisms in contaminated environments (Sanderson et al. 2015a) .
Several low cost and readily available amendments have been tested for the immobilisation of metals and explosives in contaminated firing range soils. Soil amendments, such as granulated ferric oxide (GFO), granulated titanium dioxide (GTD), Pahokee peat soil (PPS), Gascoyne leonardite soil (GLS), Elliot silty loam soil (ESLS), calcium phosphate monobasic (CPM), and apatite, were used for the simultaneous stabilisation of Cu, Pb, and tungsten (W) in eight representative contaminated firing range soils in the United States. GFO was the most effective at simultaneously stabilising Cu, Pb and W during the batch leaching tests (Karachalios et al. 2011) . The results of this study are promising but the best amendment did not immobilise Sb simultaneously. This is very important because Sb is more mobile than Pb and other co-contaminants in firing range soils. Another problem with this study is the use of ferric oxide or titanium oxide, which could pose a problem for future revegetation of the remediated soil.
Use of amendments that can be used to both reduce contaminant mobility and possible revegetation of the soil are encouraged. Revegetation provides soil cover, which could prevent soil erosion by reducing soil run off and contaminant mobility under heavy precipitation. A variety of compost and mineral treatments was used for the remediation and revegetation of a Znand Pb-contaminated military range soil in Aberdeen, MD. The six treatments tested were agricultural NPK fertilisation, high phosphate fertilisation plus agricultural rates of NK, CaCO 3 , 'Orgro' biosolid compost, 'Orgro' compost plus CaCO 3 and 'Orgro' compost plus CaCO 3 plus Mn sulfate. The biosolids compost and lime mixture were most effective in the rapid stabilisation of metals and revegetation of military range contaminated soils. Compost combined with liming reduced the plant Zn content to 158-162 mg kg À1 and reduced the Pb in vitro bioaccessibility from 32.5 to 20.4 % of the total Pb (Siebielec and Chaney 2012) .
Phosphate-based immobilisation has been recommended by USEPA for chemical stabilisation of firing range soils possibly because it is good for plant nutrition as well as for immobilisation. Table 2 shows that phosphate-based amendments, such as apatite, phosphate rock and phosphoric acid, are highly effective at reducing metal mobility in contaminated range soils. Apatite II, an amendment derived from processed fish bones, was used for the remediation of Pb-contaminated soil at the US Army Camp Stanley Storage Activity (CSSA) in Texas. Addition of Apatite II to the Pb-contaminated soil reduced Pb in leachates from over 280 mg L À1 in untreated soils to less than 4 mg L À1 in the Apatite II-treated soils, which is below the USEPA action level of 15 mg L À1 (ESTCP 2003) . The mechanisms underlying the sequestration of metals by Apatite II are heterogeneous precipitation on its surface, pH buffering, surface chemisorption and biological stimulation, which can also remediate metals as well as sulfate, nitrate, TNT, RDX and perchlorate. Apatite II is not affected by environmental conditions such as acidity, moisture content, water infiltration capacity or the presence of organic compounds (ESTCP 2003) .
The phosphate rock and phosphoric acid treatment effectively reduced TCLP-Pb (TCLP: toxicity characterisation leaching procedure) in leachates from Pb-contaminated shooting range soils by .92 % within 18 h of incubation but was sensitive to pH changes when leached with SPLP fluid (SPLP: synthetic precipitation leaching procedure) (Fayiga and Saha 2017) . However, there is a need to be careful when using water-soluble phosphates to ensure there is no leaching of phosphorus to the immediate environment from these applications. Sanderson et al. (2015b) tested the effectiveness of amendments, such as soft rock phosphate (SRP), bone char (BC), 
Remediation technologies for ranges contaminated with explosives and propellants Alkaline hydrolysis
Lime can be used to remove explosives from contaminated military range soils through alkaline hydrolysis. A lot of work has been done on the removal of TNT from solutions through alkaline hydrolysis and the alkaline hydrolysis of RDX has also recently been reported. Alkaline hydrolysis of RDX decomposes nitroaromatic and nitramine compounds to organic and inorganic salts, soluble organic compounds and various gases (Felt et al. 2007 ). Davis et al. (2006) showed that both TNT and RDX could be removed by alkaline hydrolysis while the propellants, 2,4-and 2,6-DNT, were not removed by alkaline hydrolysis. In another study, hydrated lime application was used for in situ remediation of munitions constituents, residues of explosives and metals in hand grenade range soil in Southeastern United States. Hydrated lime treatment reduced the concentrations of RDX in soil, soil pore water and surface water runoff by 75, 75 and 98 % respectively, compared with the control (Martin et al. 2013 ). Martin et al. (2013) reported that treatment cost was less than US$2250 per bay per year (2012) with primary cost variables dependent on site geochemistry, climate, availability of hydrated lime, range operations and maintenance, and necessary application equipment.
Photolysis
Photolysis has been identified as a major pathway for the degradation and natural attenuation of energetic materials in surface waters and surface soils (Im et al. 2015) . TNT can be degraded by direct absorption of light energy or by absorption of energy transferred from a photosensitised species such as hydroxyl radical, singlet oxygen or triplet-excited state dissolved organic matter (Kalderis et al. 2011; Zeng and Arnold 2013) . Isotopic analysis has also provided evidence for the natural attenuation of propellant residues exposed to sunlight (Bordeleau et al. 2013) . Results of the isotopic analysis indicated that propellant (nitroglycerin and nitrocellulose) combustion and degradation mediated by soil organic carbon produced nitrate (Fig. 3) in pore water. The production of nitrate may have implications for the eutrophication of surface waters. Hence, more work is needed to prevent the release of nitrate into the environment.
Environmental factors, such as temperature, pH, organic matter and salt concentration, may affect the photolysis of explosives and explosive-related compounds (Rao et al. 2013) . It has been shown that increasing the soil water content enhanced the photolysis of TNT in firing range soils (Im et al. 2015) . This has implications for the management of TNTcontaminated military ranges. The maximal soil water content for enhanced photolysis of TNT-contaminated soils may be investigated. The study also showed that iron oxide and K þ content of soils did not significantly affect TNT degradation as long as UV irradiation was available. A recent study has shown that even though both TNT and RDX were rapidly degraded when solutions were exposed to UV light, salinity did not play an integral role in their degradation in solution (Sisco et al. 2015) .
Bioremediation
Microbial activities can also be responsible for degradation of energetics, such as TNT, in contaminated environments but at rates much slower than photolysis (Stenuit and Agathos 2010; USEPA 2017) . This depends on the use of TNT as a sole nitrogen source by several microbial species such as Pseudomonas bacteria and fungi (Wittich et al. 2009 ). It involves the removal of the nitro-group and reduction of the released nitrite to ammonium, which is incorporated into carbon skeletons (Esteve-Nunez et al. 2001) . TNT degrading microorganisms are commonly copiotrophic fast-growing bacteria which grow best in high substrate concentrations. There are limitations to the natural bio-degradation/bioremediation of TNT because it severely affects oligotrophic slow-growing bacteria adapted to low substrate concentrations, such as Acidobacteria, which are the second most abundant phylum in soils (Zelenev et al. 2005; George et al. 2009 ). Kulpa and Roopathy (1996) gave evidence for the anaerobic transformation (Fig. 4) of TNT to simpler non-toxic forms (ammonia and toluene) by Desulfovibrio spp. They argued that attempts to degrade nitroaromatics, such as TNT, under aerobic conditions may result in no mineralisation or superficial modifications of the structure. However, a recent study has shown an enhanced TNT transformation with exogenous nutrient amendment (nitrogen nutrient stimulation) under aerobic conditions, though it resulted in an increased toxicity of the TNT transformation product mixture on Tigriopus japonicas (Liang et al. 2017) .
The bioremediation of explosive-contaminated soils can be enhanced by bio-stimulation and bio-augmentation (van Dillewijn et al. 2007) . Bio-stimulation is the introduction of nutrients to a contaminated environment to enhance microbial Contaminant chemistry in military ranges growth and function, while bio-augmentation is the introduction of bacterial inocula capable of degrading toxic contaminants to a contaminated environment for rehabilitation or remediation of the site. Bio-stimulation has been more effective than bioaugmentation in TNT-contaminated soils probably owing to predation, competition or sorption of the microbial community (Stenuit and Agathos 2010) .
Fertilizers, organic bio-solids, green/animal manures and molasses have been used for the bio-stimulation of TNTcontaminated soils, which enhanced the degradation of TNT in the soil Muter et al. 2012 ). The addition of 5 % cow manure and 5 % microbial suspension (microbes isolated from TNT-contaminated soils) led to 99.99 % TNT removal in 15 days under aerobic conditions (Rezaei et al. 2010) .
Fungi have also been known to degrade TNT in soils; however, only a few wood-rotting and litter-decomposing fungi can completely catalyse TNT mineralisation in soils (Fritsche et al. 2000) . Lee et al. (2009) conducted culture experiments with White-rot fungus (Irpex lacteus) and reported that the fungus degraded 95 % TNT after 48 h of incubation. White rot fungi (Phanerochaete velutina) was able to degrade 80 % of TNT in 2.5 months in a soil contaminated with TNT (Anasonye et al. 2015) . TNT was degraded by 79 % in 49 days in a further scale-up experiment with 0.3 tons of soil and an inoculum soil ratio of 1:30.
Bioremediation of RDX-contaminated soils is possible with aerobic or anaerobic bacteria that use RDX as their sole nitrogen source (Khan et al. 2015) . Results of a past study have shown that aerobic RDX degradation by indigenous soil microbes was stimulated in the presence of starch and RDX under nitrogen limiting conditions (Khan et al. 2015) . A recent study has reported that RDX mineralisation by indigenous anaerobic microorganisms was enhanced the most by a low carbon amendment concentration (Jugnia et al. 2017) . However, the addition of ammonium lignosulfonate exhibited an inhibitory effect on RDX biodegradation that was stronger at higher concentrations.
Some of the studies conducted on bioremediation involves the use of slurry reactors, composting and land farming (EsteveNunez et al. 2001) . Bio-slurry reactors are filled with soil, water, co-substrates and nutrients with the goal of mineralising TNT or binding TNT metabolites to soil (Esteve-Nunez et al. 2001 ). The US military have shown that composting with feedstocks can be used for the remediation of munitions-contaminated soil. The Umatilla Army Depot in Hermiston, Oregon, was able to successfully convert 15000 tons of contaminated soil into safe soil containing humus through composting with manure and potato waste (USEPA 1997).
Phytoremediation
Phytoremediation involves the use of plants to remove both organic and inorganic contaminants from the environment. There is growing interest in phytoremediation because of its low cost, low technological requirements and environmental friendliness. Phytoremediation of inorganic contaminants, such as heavy metals and metalloids, makes use of metal/metalloid hyperaccumulating plants to remove the contaminants, as in phytoextraction, or to limit contaminant migration, as in phytostabilisation.
A lot of work has been done on phytoremediation of metals in contaminated soils, as reflected by the numerous papers on this subject. Pb, the primary metallic contaminant in most firing ranges, is relatively immobile in the soil and therefore is not well suited for phytoextraction. However, phytoextraction of Pb has been facilitated by the addition of chelating agents, such as EDTA and citric acid, which solubilise soil Pb and make it available for plant uptake (Pereira et al. 2007; Freitas et al. 2013; Hadi et al. 2014) . Chelating agents bond with the metal to form stable, ring-like coordination complexes called chelates which are excellent solubilising agents for metals including lead from contaminated soils (Niinae et al. 2008) . The Pb-EDTA complexes are more mobile than sole Pb so they are more bioavailable and increase plant uptake of Pb from the soil solution into the plant tissues. Maximum Pb accumulation by plants occurs when the concentration of the Pb-EDTA complex is maximised based on the EDTA soil extractable Pb (Epstein et al. 1999) .
Phytoremediation of organic contaminants makes use of plants to metabolise toxic organic contaminants into simpler non-toxic or less toxic forms, as in phytodegradation. Plants have been able to metabolise explosive compounds in both soil and aqueous solutions (Hannink et al. 2002) . The rate of degradation will depend on the plant species and the metabolic pathway. Even though several studies have reported both reduction and oxidation products from plant metabolism of explosives, the reduction products of TNT are more commonly reported (Hannink et al. 2002) . Table 3 shows a variety of plants used for the phytoremediation of metals and explosives. Vetiver grass completely removed TNT from contaminated soil in the presence of urea (Das et al. 2010) . Similarly, four plant species (barnyard grass (Echinochloa crusgalli), sunflower (Helianthus annuus), Indian mallow (Abutilon avicennae) and Indian jointvetch (Aeschynomene indica)) effectively removed TNT and its reduction metabolites from soil irrespective of whether planted in single-or mixedspecies cultures (Lee et al. 2007) .
In a past study, hybrid poplars removed TNT, RDX and HMX from a solution containing a mixture of the three explosives during a 12-days exposure, even though 74 % of TNT remained in the roots while over 60 % RDX and HMX were translocated to the aerial tissues (Yoon et al. 2006) . Studies indicate a more extensive translocation of RDX through plants compared with TNT (Thompson et al. 1999; Hannink et al. 2002) . This might arise from the higher mobility of RDX in soil and transformation of TNT in the plant roots. Even though it has been shown that plants take up TNT rapidly from the soil solution, previous studies have reported little or no concentration of TNT in plant extracts, which indicates transformation of TNT in plants especially in the roots (Adamia et al. 2006; Makris et al. 2007 ). This shows that phytodegradation is a more promising method for the removal of TNT than RDX or HMX. Transformation of the contaminant is a common process in photolysis, bioremediation and phytodegradation, and it seems to favour the removal of TNT in contaminated military range soils. This has great implications for remediation of military sites because TNT is the most widely used explosive with elevated concentrations in military sites.
No transformation products were observed in plant extracts when crops, such as corn, wheat and rice, were exposed to RDX in contaminated soil for 42 days (Vila et al. 2007 ). Similar results were obtained when wheat, sorghum, soybean and corn were exposed to RDX. Results of this study showed that wheat was the most effective plant at RDX uptake, while soybean could not survive in the contaminated soil (Chen et al. 2011) . There are few studies on the phytoremediation of HMX probably because it has a lower solubility than TNT and RDX in water, which indicates low plant availability in the soil solution (Panz and Miksch 2012) . Similar to RDX, no transformation products of HMX were detected in plant extracts leading to an accumulation of HMX in plant tissues (Yoon et al. 2002; Rocheleau et al. 2008) .
The most promising of the phytoremediation technologies is the use of genetically modified plants, often referred to as transgenic plants, to detoxify compounds by combining the degradation ability of bacterial genes with the phytoremediation benefits of plants (Panz and Miksch 2012) . The introduction of bacteria transgenes into plants (Fig. 5) can be used to enhance degradation and uptake of explosives in transgenic plants. The pentaerythritol tetranitrate reductase (PETNR) gene (onr1) was transformed into tobacco plants to combine the metabolic diversity of microbes with the sequestering properties of plants. The resulting transgenic plants were shown to have enhanced tolerance to TNT during germination and as seedlings (Hannink et al. 2003) .
More recently, Arabidopsis plants have been engineered to degrade RDX and withstand the phytotoxicity of TNT by transforming Arabidopsis thaliana (Arabidopsis) with the bacterial RDX-degrading xpIA, and associated reductase xpIB, from Rhodococcus rhodochrous, in combination with the TNTdetoxifying nitroreductase, nfsI, from Enterobacter cloacae (Rylott et al. 2011) . In addition to genetic engineering, microorganisms in the rhizosphere can also promote biodegradation of explosives and plant uptake in the soil (Singh and Mishra 2014) .
Research gaps and future direction
A lot of work has been done on the characterisation of military ranges but there are still a lot of questions to be answered regarding the environmental impact and remediation of military ranges. Chemical leaching is not a very popular method of remediation because it involves excavation and removal from site versus in situ immobilisation which leaves the contaminated soil in place. Nevertheless, chemical leaching may be a viable remediation method for metals, such as Pb, Sb, Cu and Zn, if more research is conducted to improve its efficiency and reduce the cost.
Pb is the primary metallic contaminant at most of the SAFRs and so this fact has generated a lot of research on its remediation. However, the potential of Sb to migrate more readily than other metals in SAFRs has also been reported. Several amendments used to immobilise Pb increased the mobility of Sb. There is the need to find amendments that will immobilise both Pb and Sb at the same time as well as other metals that may be present in the contaminated range soil. Amendments that will be able to stabilise and revegetate should be considered while testing the potential for metal immobilisation. Amendments that will be Harvey et al. (1991) too toxic for plant growth should be avoided as they will not help in the re-establishment of much needed vegetation for soil cover. There is limited information on alkaline hydrolysis and photolysis of explosives in contaminated military range soils. More work on these methods of remediation may provide positive results for the management of military ranges. Research on photolysis should pay attention to the toxicity of transformation products of the process, which could also have adverse effects on plants and microorganisms in the soil. Research to simulate photolysis in the absence of sunlight in the winter months may also be necessary.
While a lot has been done on bioremediation and phytoremediation of explosive-contaminated soils, more work is needed to elucidate the role of fungi in the degradation of explosives in contaminated soils. A lot of work has been done in the laboratory on genetically engineered plants for phytoremediation of explosives. However, there is a need for field application of these genetically engineered plants for the phytoremediation of explosives in contaminated military ranges.
Conclusions
The use of ammunitions and energetics in military ranges have resulted in the contamination of soil and water in the immediate vicinity of some ranges. Common contaminants in military ranges include metals/metalloids such as Pb, Cu, Sb and Zn; energetics such as explosives and propellants; perchlorates and white phosphorus. Some of the methods of remediation used for these contaminated ranges include leaching/soil washing, immobilisation of metals and metalloids, alkaline hydrolysis and photolysis of explosives, bioremediation and phytoremediation. The introduction of bacteria transgenes into plants has been used to enhance the uptake and degradation of explosives in transgenic plants. However, the effectiveness of these transgenic plants needs to be tested in the field. The role of microorganism-plants symbiosis in the rhizosphere on phytodegradation of explosives still needs to be well developed. Immobilisation has been widely used to stabilise metals in contaminated soils but it has led to simultaneous mobilisation of other co-contaminants.
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